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SUPERSONIC TUNNEL INVESTIGAfCION By MEANS OF INCLIMED-PUEE 

INJJECS OVER MACH NUMBEB RANGE: OF 1.72 TO 2.18 

By Jerolne L. Fox 

A suspended f la t  plate w~18 used to continuously vary the Mach 
number in  the NACA Lewis 18- by 18-inch Mach  number 1.91, supersonic 
tunnel. The useful range of the tunnel was extended over a range of 
Mach nuinbere f r o m  1.72 t o  2.18. M a x l m m  variations in  the  Mach  number 
of the flow produced at the  vicinity of nose inlets a t  zero angle of 
attack were +O.Ol and flow angularities were leas than approxlmately 
0.35'. 

- 

The technique w a s  applied to   t he  determination of pressure  recovery - and mass-flow characteristics of four supersonic nose in le t s  over the 
Mach  number range produced. 

ZNTRODUCTION 

A technique that permit8 a variable W!h nlnnber investigation t o  
be conducted in  existing ffxed-Mach-number tunnels has  been investigated. 
The method ut i l izes   the uniform flow af ter  a tm-dimensional expansion 
or  campression produced by the lead.ing edge of a flat plate  suspended 
upstream of the diffuser  inlet .  A farm of this technique, used t o  depress 
a tunnel Mach  number t d  values near 1 i n  order t o   t e s t  airfoils in the 
transonic range, has been reported by the  Flygteknfska Forsoksanatalten 
(Stoeliholmj . 

As &z1 application of the technique,  the  cold performance in terms 
of pressure recovery a d  mass. flaw- waa determined  over  %he rmge of Mach 
numbem produced for four supersonic nose i n b t s ,  including (1) a single- 
shock spike inlet, (2)  a curved-spike -let, (3) a-perforated convergentr 
aivergent -user, and (4) a single-shock  spike inlet   with a perforated 
C a r l .  
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The investigation wea conducted In the NACA LBwlrs 1.8- by 18-inch CY 

Mach-number-1.91 tunnel. Blet stagnation  temperatures were maintained 
a t  approximately 150° X' with an inlet t o t a l  pressure approximately 
atmospheric. Dew points  awing running mre -loo F or less. Flaw 
patterns i n  the  vicinity of the  .Inlets were observed w i t h  a two-mirror 
schlieren apparatus and recorded photographicalu. 

Three plates, sim€lar in plan form, consisting of one f la t  plate 
and two plates bent  approximately so i n  opposite  direutions, were used 
in  the  investigation.  Principal dimemiom of the  plates are sham in 
figure 1, Two bent plates were fabricated in  order t o  yield flow at  an 
angle of attack of approximately 5 O  to   the  models. The plate angles are 
not identical due to 811 error i n  machfning. All plates w e r e  machined 
frm 3/8-inch steel and during operation were.bolted t o  three supports 
that  were silver  soldered to the dfff'users . A photograph of a complete 
configuration i n  position in  the  tunnel Ls presented in figure 2. 
Design dimensions of the  plates and supporter were determfned by the 
consideration that the  plate must be so  positioned  with  respect to the  
in le t  that the  inlet is completely downstream of the shock or expansion 
fan  originating at the  leading edge of the  plate far all operating con- 
ditions. In  addition,  the width of the  plates must be such that  the 
disturbance frm the hips of the leading cage sha l l  fa l l  d m t r e a m  of 
the inlet and of the perforations, if used. 

A photograph of the  inlets and projecting  spikes used i n  this 
investiga%ion is sham i n  figure 3. Sketches including principal 
dimensions are preeented in  f igure 4 ,  ' The supersonic  diffusers incl;lded: 
(1) a 25O half-angle  single-shock  spike inlet with a curved cowl, (2 )  
an all-external compression in le t  with a curved spike Besigned to groduoe 
near- isentropic  cmprgss ion, (3) a perforated convergent -divergent 
inlet  with an over-all  contraotion  ratio of 1.531, and (4)  a 20' half- 
angle single-shock spike  inlet w2th a perforated owl. 

A schematic diagram of the subeonio diffusers u s e d .  in conJunotion 
w i t h  the  inlets of figure 4 I s  sham in figure 5 ( a ) .  Subsonic dif" 
fuser 1, used w i t h  the projecting  spike  inlets, was that of reference 1. 
D i f f  u8 er  2, which was used with the perforated convergent divergent 
inlet, WEB the asme as that  used in the  investigatim of reference 2. 
B o t h  diffusers have a maximum t o t a l  expaneion angle of So an8 are faired 
into a 3.6-inch-diameter ai~nulated combustion chamber l l .75 inahes  long. 
Total pressure of the sir flowing through the oom'buetion chaniber 'KBS 
memured by the 40-tube equal-area pitot-statio rake of figure 5(b). 
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The vert ical  and horizontal wedge rake6 used t o  calibrate  the flow 
i n  the  vlcinity of the inlets =e shown in  f igure 6. The  wedge8 have 
15' half angles and are 3/8-inch wide and l/S-inch  thick. They -re 
instruuented  with t o p  and bottcaa s t a t i o  orlf'ices and top  and bottom 
p i to t  tubes. The pFtot  tubes were mounted p a r a l l e l  t o  the wedge BUT- 
face3 asld behind the   s ta t ic   or i f ices  to prevent iriterference. 

Ini t ia l   cal tbrat ion runs were designed to ascertain  conditions of 
the flow i n  the  vicinity of the  inlets.  The angle made by the  plate 
with  the tunnel ai8 w88 var'ied by means of the angle of attack mechanism 
of the  diffuser support body i n  increments of approxhately lo t o  a 
maxhm value of &7O. These r u m  were made with  both the flat  plate end 
the two bent plates. Two bent plates w e r e  required becauae of the physi- 
cal  limitations of the  test  setup. The use of only one plate  t o  furnish 
flow at a 5' angle of attack over the  entire Mach number range contem- 
plated would have required rotation of the subsonic diffuser 12O i n  one 
direction. Angles of t h i s  magnitude  were not p s s i b l e  because the con- 
figuration at this attf tude would came  excessive flm blockage and 
interference between the  plate and tunnel walls. 

After  calibration, rmns were made t o  determine the performance of 
the four  inlets  investigated at f ive  Pree-stream Mach numbers Mo rang- 
ing from 1.72 t o  2.18. An additional run w i t h  several spike tip pro- 
jections waa made for   the  curved spike inlet at % of 1.80. Several 
preliminary runs were also made with the single-shock  perforated-cowl 
in l e t  usim various diStribKtiOnf3 of perforation  area in  an attempt to 
swallow the normal shock at the  noninal  design Mach  number of 1.80. 

The mass flows through the  unit were  calculated from the pressures 
recorded by t he  pitot-stakic  rake in the combustion chamber. The results 
are presented ~n the form of a re lat ive mass-f~ow r a t i o  %/mlr which 
represents the r a t io  of maas flaw through the combustion  chamber to the 
m a s  flow in EL free-stream tube of diameter equal t o  the i n l e t  diameter. 

DISCUSSION OE RESULTS 

% 8 U l t S  of PJate  Calibration 

Besults of the  calibration of flow approxlmateJy 8 inches behind the 
leading edge of the  plates are presented i n  figure 7 .  Two s e t s  of data 
points are presented for the flat plates. Circles  represent average Mach , 

number determined. from khree horizontal wedges, and squares axe values 
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determined from three wedges mounted i n  a veztical plene. The area C a l i -  
brated m a  approximately the size of' the in le t  =em. t o  be investigated. 

Uniform flow was obtained behind the  f la t   p la te  over a Mach  number 
range of 1.72 t o  2.18. Maximum deviation in Mach  number calculated from 
any one wedge differed from the average value by kO.01, and the maximum 
flow angulmity w819 @ .350. 

Mach numbere of flow produced bg the   f la t   p la te  are approximately 
0.02 higher than the  theoretical curve f o r  1% = 1.91  (nomlnal tunnel- 
test-sectiun Mach number). 'phis difference  explained" by t he  fact 
that  the measured plate angle is not  the  true angle between the  plate and 
stream direction due t o  flaw an@;ulaxity in  the  tunnel. An examination of 
a previous tunnel  calibration showed tha t  the flow angulazities in  the 
vicinity of the leading edge of the glate over the range of plate angles 
investigated w8re in the proper direction and of app?aximately the right 
magnitude t o  came the effects noted. 

The t ea t  Mach numbers produced by the bent plates 8 l S O  are shown i n  
figure 7. For Mach numbers below 1.93 the values are in  good agreement 
with the f ht-plate  data;  above 1.93 the data points fall above the flat- 
plate data. "6 deviation was accompanied by an lnoreake i n  flow 
angularitiee t o  a maximum.of apgroximately 0.75O. MQ explanation has 
been found for these differences, but they couid have been c&ueed by an 
undetected error in  attachlng  plates t o  the supports o r  alining  the 
wedgee. 

Q cu 

. .  . . 

The agreement of the data  with theory is not essent ia l   to  the test- 
Ing technique, because so long aa the flow angulwitieer and Mach  number 
variations  in  the  test  region are not exces8ive, a calibration curve 
would indicate the proper plate angle for any desired t e s t  Mach  number. 

The Mach  number range covered i n  t h i s  investigation was limited by 
the reqtdre-d size of the plate f o r  the m o d e l s  investigated., by tunhe1 
s i z e ,  or  bjr the allowable amount af 9 low blockage. 

I n l e t  Performance 

S m y  curves of the pressure recovery Etnd the mass -flat character- 
i s t i c s  of' the  inlets  inyestigated over a range of Mach numbers *om 1.72 
t o  2.18 are ah&r , in  figure 8. Included . k r 6  prsS6We recovery e;nd 
relative mass-f low r a t i o   a t  both the  point of peak mcovorg and the 
beginning of supercritical  operation  (point where ma98 flow remains 
constant QB ou t l e t  g;rea.is increased). - -  ..- . . . . .. , .  . .. .. - 



NACA RM ESOKl4 W 5 

All inle t s  with  projecting  spikes  ,attained peak recovery when tP9 
n o m 1  shock was located i n  its most uptream stable position on the - 

spike. A t  all mass-f low ra t io8 below tha t  corresponding t o  peak 
recovery, the phenomenon  of cold buzz (shock oscil lation) was observed. 

When tkse fnlets were owrating at an angle of attack of approxi- 
mately 5O (using  the  bent  plates),  greasure  recoveries were reduced 
less than 2 percent frcxn the i r  v’alues at zero angle of attack, whereas 
the  relative mass-f Ibw r a t i o  for   supercr i t ical  operation remained almost unchanged. 

SiqQe-shock spike  inlet. - The characteristics of the  single-shock 
spike inlet a r e  showp in figure 8(  a) . This in l e t  is the 8 ame as one of 
the  curved-lip  configmati& of reference 1. Included  wfth the  experi- 
mental pressure  recavery curves ie a plot of the  %heoretical recovery 
including only shock lmses across  the  conical shock and &cross a normal 
shock assumed t o  occur at an average Mach nmber et the  inlet .  The data 
goinks a t  peak recovery f a l l  from appraximately 3 t o  8 percent below the 
theoretical curve. X same masonable value of pressure recovery ie 
assumed for t%e internal dirf usion, good agreement between theor3 end 
experiment is indicated. 

The experimental values of re la t ive mass-flow ra t ios  appeax t o  be 
low. The conlcal shock s t r ikes   the   in le t   l ip  at approximately MO = 2.10, 
md at khis  point  the inlet should be operating at -a re la t ive  mass-f low 
r a t i o  of 1.0. The reduction i n  mass flow was a t t r ibu ted   to  t h e  fact   that  
a detached shock wave occurred ahead of the l i p  at a l l  Mach numbers 
investigated . 

.A series of schlieren photographs illustrating  the  progressive 
changes in the inlet flow pattern  with  varying  free-tream Mach  number 
is shown in figure 9. The increasfng mass-f low ratios with  increasing 
Mach numbers correspond to   the  oherred motemnt of the normal shock 
closer .t;o the inlet .  A t  elevated Mach numbers the expansion fan from t he  
leading edge of t3e  plate can be seen, whereaa at depressed Mach numbers 
the compression shock produced br  the plate is clearly  visible. At al l  
Mach  numbem a disturbance can be seen Ghat originate6 on the  plate and 
apyarently  strikea  the  diffuser  inlet. This disturbance  originates at 
the  junction of the  raked-in  portion and the  straight back portion of the 
plate   t ra i l ing edge, and is not i n  t h e  plane of the in le t .  At % = 2.18 
a faint l ine   i e  appazent above the  plate  surface ahead of the  inlet .  This 
l ine  is a side view of the t r a i l i ng  vortex sheet shed by the t r a i l i ng  
edge of the raked-in portion of the f la t  plate. 
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Cmed-spiks inlet. - The curved-apike in le t  had an i n i t i a l  conical 
section of 200 half angle followed by a curved section and is a 1/3-scale 
model, with alight  differences  in  hterna,l design, of the Inlet reported. 
i n  reference 2. The pessura recovery and the mass-flow c h ~ a c t e r i s t i c s  
f o r  this inlet are presented in  f igure 8(b).  Wo theoretical curves a m  
presented because their  calculation would require a series of lengthy 
cornputatform wing the method of charaoteristics. The t a i led  symbol6 
axe data from refereme. 2. The peasure  recoveries agree well, but tha 
relative mass-flaw ra t ios  of the ltwger model me approximately 3 t o  
5 peruent higher. This difference can be explained by the slight dis- 
similarity in  Internal goemetry. The trends, of the mass-flow data, 
however, shm f a i r  agreement. The low re lat ive mass-flow ratios could 
be caused by internal choking produced by excessive boundary-layer 
growth i n  the 'presence of a strong adverse  pressure  gradient on the 
curved spike. 

.. 
, .  . .  

- -. - I ." 

!The performa;nce characterbtice of this i n l e t  are sensit ive t o  
spike t i p  projection, aa sham  in  figure 10 by the  veziation of relative 
mass-flaw ra t ios  and pea2 pressure recovery @th spike t i p  projection  at 
% E 1.80. As the t l p  projeutian  inoreased beyond the  optimum, the 
relat ive mass-flow r a t io  decreased ve" aharpG d t h  ollrj- a .slight over- 
all change i n  pressure recovery. Thus, if the curved-spike inlet is to 
operate at large mass-flow ratiofl,  the  spike t ip  projection m u s t  be  main- -. 

tained near its optimum value. . .  . .  

Data obtained  with the large-scale model a t  equivalent t ip  projection 
(tailed symbols) show good agreement, except for the value of relative mass- 
flow r a t i o  at minimum t i p  projection. A p& of thia discrepancy may be . 
due t o  experimental difficulty  ,in  eetablishing the exact relative mass- 
flow r a t io  at the  point of peak reoovery, because the curve of pressure 
recovery as a function of m a  -f low ratio is very f lat  in the  vicinity 
of peak pressure  recovery a t  Mo = 1.80. I 

Perforated  convergent-divergent inlet .  - The performame a t  varying 
free-atream Mach  number of a repesentative convergent-divergent 
perforated in le t  chosen frm the  extensive series of inlets reported in 
reference 3 is preeented an figure 8(c). The particular =et chosen ie 
i n l e t  1.531-f of reference 3. Included with the experimental data a r e  
theoretical curve8 f o r  the presaure recoverf and relative mass-flow 4 
r a t i o  aeterminea from a stepwise integration method outlined i n  
reference 3. I 

Ekwzl an analysis baa& on reference 3, an abrupt swallowing of the 
normal shock was theoretically expected t o  occur at % t 1.77; however, 
the  data show a gradual transition with the shock only p a r t l y  swallowed \ 
at % = 1.80. W i t h  the normal shock swallowed (Mo 2 1.91) the 
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experimental values of pressure recovery and ma88 -flow rat ios  show fair  
agreement with the theoretical curves. The tailed symbols at % = 1.91 
are check points frm the investigation of reference 3 f o r  the same 
inlet .  All values agree to within &2 percent of pressure  recovery or 
re lat ive mass-f low r a t io .  

Single-shock spike,  perforated cowl inlet .  - Illuetrated i n  
% figure 8(d) are the performance charaoteristios of an inlet   desimed to 

combine the advantag& of external  cepression produced by a projecting 
spike md the advantages of large internal  contraction  utilizing mass- 
flow spil lage through .cowl perforations t o  renme the maximm contraction 
ra t io   res t r ic t ion  of unperforated inlets .  

The in le t  wa8 so desi-ed that the conical shock would strike the 
inlet l i p  f o r  a free -&ream Mach number of 1.80. Pre lh inary  ~ ~ 1 1 8  were 
made with several distributions of perforated  hole area i n  an a t t a p t   t o  
swallow the normal shock at a Mauh number of 1.80. The results of ref- 
erence 3 show that f o r  perforated convergent-divergent in le t s  the value 
of the subsonic  hole  orifice  coefficient Q was approximately 0.50. 
The results presented herein show that the  value of for the con- 
figuration of figure 9(d) w w  of the order of 0 - 2 5 .  Zzle @rforations 
were not countersunk as they were in the  investigation of reference 3, 
which would be expected t o  account f o r  a considerable  portion of the 
differences in  the value of Qa. The perforation  dfstribution  investi- 

, gated, f o r  which the r a t i o  of a t o t a l  hole  area  to throat  mea wa8 0.39, 
prmitted t h e  swallowing of t h e  normal shock at   f ree-s  tream Y h c h  numbers 

'greater  than 1.85. 

In  the  range of Mach numbers for which the normal ehmk  not 
swallow&, the  pressure  recmery of t h i s  i n l e t  w s  hi&er than  that of 
the  perforated  convergent-divergent inlet   ( f ig .   8(c)) .  This  higher 
recovery is due t o  the  gelatively  efficient compression produced br  the ' 
projecting spike even when the normal shdck is ahead of the cowling. 
A t  Mach numbers near 1.9, however, the convergent-divergent i n l e t  had 
higher  recovery. with the no& shock swallowed, only appraxime;tely 
7 percent of the mEurLmum mass flow was spi l led through the  perforations 
(fig.  8(d)), In the transit ion region between Mach nMibers 1.80 and 
1.90, the experimental  curves have been drawn 88 dashed lines because 
the.  actual trends of' the curves were not determined. A cnmpa3?ison of 
the pressure recovery with the recoveries of the single-shock spike 
i n l e t  and the curved-apike in l e t  showed the recoyery t o  be 2 t o  3 percent 
greater than the f omer  and 3 t o  4 percent h w e r  than the  la t ter .  This 
resu l t  seems t o  indicate  either that the normal shock vas not  looated 
near the throat,  s o  that the shock Mmh number was greater than expected, 
or that the flow through the  perforations disturbed t h e  main flar enough 
t o  appreciabley lower the internal difTuser recovery. 
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A variable Mach number technique wae applied t o  determine the 
performance characterietics of four types of supereonic no88 in le t  at 
severs1 f’ree-stream Mach numbers. The following results w e r e  obtained: 

1. The technique  investigated produced uniform flow over a M a c h  
number range from 1.72 to 2.18 In a tunnel of nominal design Mach nmber 
1.91. At zero angle of attack, maximum vaTlation of Mach nmber in  the  
vicinity of the in le t  was @.01, and maximum flow angularities were 
approxjmately 0.35O. The, flow produced at an angle of attack of approxi- 
mately So showed &.reased flow angularities of t h e   o d e r  of 0.75’, 
although  variations in  the M a c h -  m b e r  remained small. 

2. The abrupt swallowing of t;he normal ehock theoretically  pre- 
dicted .for the perforated  convergent-divergent in le t  was not realized 
experinentally,  but was replaced by a gradual entry of the shock.into 
the  inlet  with  increasing Mach number. 

3. The-maes-f lar characteristim of the curved-spike inlet exhibited 
high  sensit ivity  to  the spike t i p  projection.  Increasing  the  spike t i p  
projection beyond its optimum pwit ion c&used a sharp reduction In the 
captured mass-flow r a t io  of the inlet .  The maximum preseure  recovery f o r  
this inlet  varied from 0.96 at Mach  number 1.72 t o  0.83 at Mach nunher 2.18. 

4. For the perforated in le t  wlth projecting cone, about 7 percent 
of the mam flow passed through the perforatiom  in  the M a c h  number 
range frm 1.9 to 2.18. The maxirmrm pressure recovery decreased from 
0.89 t o  0.77 in this range of Mach numbera. 
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0 0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0 0  

l S n  

Figure 1. - F l a t  and bent plates used in  investigation. 
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Figure 3. - Inlets and projecting spikes  investigated. 
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Single-shock spike i n l e t  
I 

Single-shock spike w€th perforated cowl 
i n l e t  

L 
Curved-spike i n l e t  Perforated oonvergent-divergent i n l e t .  

-Tv 
Figure 4. - In l e t  configuratlons investigated. t;; 
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Conioal 

900 - """" L. 

Subsonic  diffuser  Simulated 
combustion 
chamber 

(a) Schematic  diagram. 
Diffuaer Length Diameter 

L D 
(in.) (in. 1 

23.54 1.542 
20.90 20 200 

(b) Pitot-static survey rake located 
at station A-A. -=B7 

Figure 5 .  Sketch of subsonic  diffuser  and  instrumentation. 
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t D o m  Plats angle, deg UP - 
Figure 7 .  - Mach  number oallbratlon ap roximatel 8 Inches bshlnd leading eQe of pla te  

as functfon of plaEe  angle. 
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1.70 1. so 1.90 2.00 2.10 2.20 
Free-stream Mach number, Ido 

(a)  , Single-shock  spike, ourved cowl i n l e t .  

Figure 8.- Pressure reoovery and re la t lve  mass flor a6 Sunction 
of free-stream Mach number. 

” 



21 

. 

0 Peak recovery 
0 Superoritical 

. 1.70 i. 80 1.90 2.00 2.10 2.20 
Free-stream Mach number, Mo 

(b) Curved-spike Inlet. 

Figure 8. - Contlnued. Pressure recovery and relative  mass flow 
a8 function of free-stream Mach number. 
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( c )  Perforated  convergent-divergent inlet. 

Figure 8. - Continued. Pressure reoovery and  relative mass flow as 
f'unction of free-stream Mach number. 

0 
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1.00 

70 

1-00 

0 Peak  recovery 
0 Supercritical 

1.80 1.90 2.00 2.10 2.20 
Free-stream Mach number, Mo 

Single-shock spike, perforated cowl inlet. 

Figure 8. - Concluded. Pressure  recovery and  relative  mass f l o w  as 
function of free-stream Mach number. - 
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Free-stream Mach number M O s  1.72; P3/Po, 0.940; r n d m l ,  0.740. 
Free-stream Mach number Q, 1.801 P3/Po, 0.920) m d y ,  0.760. 

Free-stream Mach number 
PdP,, 0.890 6 m&nl, 0.820. 

Mo, 1-91; 

Free-atream Mach number Mg, 2,.05; Free-stream Mach number , 2.18. 
P d P o ,  0.8305 m3/%, 0.905. P d P 0 ,  0.7501 m3/mls O%O. 

Figure 9. - Schlieren photographs of flow patterns i n  vic in i ty  of aingle- 
shock epike inlet  at  point of peak recovery. 
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